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ABSTRACT

Linear, dissipative models with resting base states are sometimes used in theoretical studies of the
Madden-Julian oscillation (MJO). Linear mechanical damping in such models ranges from nonexistent to
strong, since an observational basis for its source and strength has been lacking. This study examines the
zonal momentum budget of a composite MJO over the equatorial western Pacific region, constructed using
filtering and regression techniques from 15 yr (1979-93) of daily global reanalysis data. Two different
reanalyses (NCEP-NCAR and ERA-15) give qualitatively similar results for all major terms, including the
budget residual, whose structure is consistent with its interpretation as eddy momentum flux convergence
(EMFC) in convection.

The results show that the MJO is a highly viscous oscillation, with a 3-5-day equivalent linear damping
time scale, in the upper as well as lower troposphere. Upper-level damping is mainly in the form of
large-scale advection terms, which are linear in MJO amplitude but involve horizontal and vertical back-
ground flow. Specifically, the leading terms are the advection of time-mean zonal shear by MJO vertical
motion anomalies and advection of MJO wind anomalies by time-mean ascent. This upper-level damping
in the western Pacific is mostly confined between 10°N and 10°S. In contrast, zonal wind damping in the
lower troposphere involves EMFC (budget residual) and zonal mean linear meridional advection.

Stated another way, the strong upper-level damping necessitates upper-level geopotential height gradi-
ents to maintain the observed zonal wind anomalies over the time scales implied by the MJO’s low
frequency. The existence of the background flow thus tends to shift MJO temperature perturbations
westward so that the warm anomaly ahead (east) of the convective center is shifted back into the convec-
tion. This shifting effect is fully realized only for anomalies with a period much longer than the 3-5-day

damping time.

1. Introduction

Discovered by Madden and Julian (1971, 1972), the
Madden—Julian oscillation (MJO) is the dominant in-
traseasonal mode of variability in tropical convection
and circulation (e.g., Weickmann et al. 1985; Lau and
Chan 1985; Salby and Hendon 1994; Wheeler and Kila-
dis 1999). It affects a wide range of tropical weather
such as the onset and breaks of the Indian and Austra-
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lian summer monsoons (e.g., Yasunari 1979; Hendon
and Liebmann 1990) and the formation of tropical cy-
clones (e.g., Nakazawa 1986; Liebmann et al. 1994). It
also drives teleconnections to the extratropics (e.g., Lau
and Phillips 1986) and impacts some important extra-
tropical weather (e.g., Higgins and Mo 1997; Higgins et
al. 2000). On a longer time scale, the MJO is observed
to trigger or terminate some El Nino events (e.g.,
Kessler et al. 1995; Takayabu et al. 1999; Bergman et al.
2001; Roundy and Kiladis 2005, manuscript submitted
to J. Climate). Therefore, the MJO is important for
both extended-range weather prediction and long-term
climate prediction.

Tropical intraseasonal variability is poorly simulated
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in general circulation models (GCMs). Typically, simu-
lated phenomena are too weak and propagate too fast
(e.g., Hayashi and Sumi 1986; Hayashi and Golder
1986, 1988, 1993; Lau et al. 1988; Slingo et al. 1996). To
solve this problem, many theoretical studies have ex-
amined the feedback mechanisms that may affect the
MIJO’s amplitude and phase speed, especially the
wave-heating feedback mechanisms. Different types of
heating parameterizations have been studied, such as
wave—CISK (convective instability of the second kind:
e.g., Lau and Peng 1987; Chang and Lim 1988), fric-
tional wave—CISK (e.g., Wang 1988; Salby et al. 1994),
WISHE (wave induced surface heat exchange; e.g.,
Emanuel 1987; Neelin et al. 1987), charge—discharge
(e.g., Blade and Hartmann 1993; Hayashi and Golder
1997), and cloud-radiation interaction (Raymond 2001).

In these theoretical studies, linear, dissipative models
were often used with the momentum equation linear-
ized about a state at rest:
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where u is the zonal wind, v is the meridional wind, ¢
the geopotential height, and f the Coriolis parameter.
The mechanical damping is usually represented as a
Rayleigh friction with a time scale of € '. Such me-
chanical damping has been shown to affect the growth
rate and phase speed of simulated intraseasonal oscil-
lations. For example, in the case of a free Kelvin wave,
Chang (1977) found that damping can significantly in-
crease the intrinsic vertical wavelength and decrease
the intrinsic phase speed. In a wave—CISK type model,
Chao (1987) found that the phase speed of an intrasea-
sonal oscillation decreases with increasing damping. In
a WISHE model of the MJO, Neelin et al. (1987) found
that the growth rate of the unstable Kelvin modes sig-
nificantly decreases with increasing mechanical damp-
ing, and this was later confirmed by Neelin and Yu
(1994) and Goswami and Rao (1994). However, the
choices of damping magnitude in these and other theo-
retical models vary over a wide range, from highly vis-
cous (e.g., 1 day in Chao 1987), to weakly viscid (e.g., 25
days in Salby et al. 1994), to totally inviscid (e.g., Xie
1994).

The choice of linear damping magnitude in the fric-
tional boundary layer is also important for the frictional
Wave-CISK theory of the MJO (e.g., Wang and Rui
1990a; Wang and Li 1994; Moskowitz and Bretherton
2000). Wang and Li (1994) and Moskowitz and
Bretherton (2000) both show that the instability of the
simulated MJO-like mode is very sensitive to the value
of linear damping, and to the thickness of the frictional
layer. Using a 0.3-day damping rate and a 100-mb-thick
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frictional layer, Wang and Rui (1990a) got a highly un-
stable MJO-like mode. On the other hand, using a 1.3-
day damping rate and a 50-mb-thick frictional layer,
Moskowitz and Bretherton (2000) got a growth rate
that is only tenth of that in Wang and Rui (1990a).
Therefore how large the equivalent linear damping is in
the atmospheric boundary layer determines whether
frictional Wave—CISK is important for the amplifica-
tion of the MJO.

The budget terms, which are not explicitly expressed
in the linearized Egs. (1) and (2), include the advective
tendency and the effect of convective eddy momentum
transport (CMT, also called “cumulus friction” in some
previous studies), and therefore they are the possible
sources of equivalent linear mechanical damping from
the viewpoint of the linear, dissipative models that were
often used in developing the MJO theories.'

In MJO models that did use a strong damping, the
source of the damping was usually assumed to be the
CMT. The importance of CMT for synoptic-scale waves
has been shown in both the momentum budget
(Stevens 1979) and the vorticity budget (e.g., Reed and
Johnson 1974; Shapiro 1978; Stevens 1979; Esbensen et
al. 1982; see review by Sui and Yanai 1986). For the
MJO, the importance of CMT was also shown by two
recent observational studies (Houze et al. 2000; Tung
and Yanai 2002a, b). Using Doppler radar data col-
lected by aircraft and ship radars during the Tropical
Ocean Global Atmosphere Coupled Ocean—
Atmosphere Response Experiment (TOGA COARE)
field program, Houze et al. (2000) inferred the sense of
mesoscale momentum transport in the “superconvec-
tive systems” in different phases of the MJO event.
They found that this mesoscale momentum transport
provides damping to the low-level zonal wind in the
westerly onset phase, but acceleration during the ma-
ture westerly wind burst phase. Using TOGA COARE
sounding array momentum budgets, Tung and Yanai
(2002a,b) studied the area-averaged CMT, which in-
cludes both the convective-scale momentum transport
and the mesoscale momentum transport. They found
that the area-averaged CMT is strongly modulated by
the MJO event and provides acceleration in the west-
erly onset phase, but damping in the westerly wind
burst phase: opposite in sign to the effect of mesoscale
momentum transport. In these two studies, the magni-
tude of CMT effect was not compared with those of the
other momentum budget terms at the MJO time scale,
and the equivalent damping strength was not estimated.
Weickmann et al. (1997) calculated the vertically inte-
grated angular momentum budget for the MJO and
found that the advective tendency is a dominant budget

!'In the case of nonlinear models, on the other hand, the ad-
vective tendency is explicitly included in the momentum equation,
and thus is not represented by the linear damping.
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term. This suggests that the advective tendency may be
another important source of mechanical damping.

The purpose of this study is to evaluate the sources
and strength of equivalent linear mechanical damping
in the observed MJO. To do this, we calculate the MJO
momentum budget using 15 years of daily reanalysis
data and then identify the damping term in (1) with the
terms proportional to u’ in the full zonal momentum
equation. Because the MJO circulation near the equa-
tor is dominated by the zonal wind, we focus on the
zonal momentum budget. The main budget uncertain-
ties associated with pressure gradient forces and advec-
tion terms are examined by 1) comparing between Na-
tional Centers for Environmental Prediction (NCEP)
and European Centre for Medium-Range Weather
Forecasts (ECMWF) reanalyses, whose consistencies
gave us more confidence and 2) constructing long-term
(15 yr) MJO composite and considering only the statis-
tically significant signals, which are likely real signals un-
less the reanalyses have errors coherent with the MJO.

The datasets used in this study are described in sec-
tion 2. The time filtering and intraseasonal composite
(regression) methods are described in section 3. The
zonal momentum budget results are reported in section
4. Summary and discussions are given in section 5.

2. Data

The datasets used include 15 years (1979-93) of daily
reanalyses data from two different centers: NCEP (Kal-
nay et al. 1996) and ECMWF [the 15-yr ECMWF Re-
Analysis (ERA-15); Gibson et al. 1997]. The variables
used include upper-air wind, geopotential height, and
vertical pressure velocity on pressure surfaces. The
horizontal resolution is 2.5° latitude X 2.5° longitude.
The zonal momentum budget is calculated for both re-
analyses, following Carr and Bretherton (2001), based
on the zonal momentum equation:
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where u is the grid-resolved zonal wind, v the meridi-
onal wind, w the vertical pressure velocity; x and y are
east-west and north—south distance, f the Coriolis pa-
rameter, and ¢ the geopotential. Here X represents
accelerations due to all subgrid-scale processes. Each
budget term except X was calculated using daily aver-
age data at each 2.5° grid point; X is computed as the
residual, meaning that all errors in the other terms are
included in its observational estimate, requiring caution
in interpretation. Derivatives were evaluated using
three-point central differencing. The results were then
averaged to pentad data along the equator (between
5°N and 5°S) with a zonal resolution of 10° longitude.

For constructing the MJO composite, we also used 15
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years (1979-93) of pentad CMAP precipitation data
(Xie and Arkin 1997) averaged along the equator (be-
tween 5°N and 5°S).

3. Method

The MJO is a broadband phenomenon, with an av-
eraged period of 45 days but a fairly wide spread from
20 to 80 days (see review by Madden and Julian 1994).
Its deep convection signal is dominated by wavenumber
1-6, while its circulation signal is dominated by wave-
number 1 (e.g., Salby and Hendon 1994; Wheeler and
Kiladis 1999). The variance of its deep convection sig-
nal has two centers: western Pacific and eastern Indian
Ocean. Over these two centers, the MJO propagates
eastward with a slow phase speed of about 5ms™ ! (e.g.,
Wheeler and Kiladis 1999; Lin et al. 2004).

These characteristics were used to isolate the MJO
signal. Lin et al. (2004) discussed the different methods
used in previous observational and modeling studies.
The different methods often give qualitatively similar
results in terms of propagation characteristics and
phase difference among different variables. This con-
sistency is because intraseasonally filtered deep convec-
tion along the equator is dominated, both in number
and strength, by coherent eastward propagating events
(Wang and Rui 1990b). Linear composite methods used
in most of the previous studies (e.g., phase sum, corre-
lation, regression) are apparently dominated by these
strong eastward propagating events. The method used
in this study is similar to that used in Lin et al. (2004)
and Lin and Mapes (2004). The procedure is as follows.

1) The zonal means were first removed from all
datasets. The dynamical signal associated with the
MJO heating has two distinct components: a “forced
response” in the Eastern Hemisphere that moves
eastward with the heating anomaly at a phase speed
of about 5 ms™!, and a “propagating response” in
the Western Hemisphere that is excited in and ra-
diated away from the heating anomaly at a phase
speed of several tens of meters per second (e.g.,
Salby and Hendon 1994; Bantzer and Wallace 1996;
Weickmann et al. 1997). It is primarily this propa-
gating response that generates the zonal mean sig-
nals in MJO circulation anomalies. Because our fo-
cus is on wave-heating feedback, that is, the inter-
action between heating and the forced response, it is
useful to remove the zonal mean signals caused by
the propagating response. Nevertheless, we have re-
peated all our analysis to the data with zonal mean
retained, and the basic features of zonal momentum
budget are not changed.

2) The datasets were then filtered using a 30-70-day
Murakami (1979) filter, whose response function
was shown in Lin et al. (2004). The central fre-
quency corresponds to a period of 45 days, with half
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FIG. 1. The vertical structure of the MJO anomaly for (a) zonal wind (m s™!), (b) vertical velocity (mb day '), (c) geopotential height
(m), and (d) temperature (K) for the 15 years (1979-93) of NCEP reanalysis data averaged over 5°N-5°S, 150°~160°E. Negative values
are shaded. The arrows in (c) are the wind vectors whose horizontal component is the zonal wind, and vertical component is the vertical

velocity.

amplitude at periods of 30 and 70 days. We also
tested the Lanczos filter (Duchan 1979), and the
results were not sensitive.

3) For the master MJO index, we filtered the CMAP
precipitation in time as above, and also in space,
retaining wavenumbers 1-6.

4) To study the MJO phenomena in its two centers of
variance, we averaged the datasets in two boxes: a
western Pacific box between 5°N and 5°S, 150° and
160°E and an eastern Indian Ocean box between
5°N and 5°S, 80° and 90°E. For each box, and MJO
composite was constructed using linear regression
with respect to the filtered CMAP precipitation at
the same box, and the regression coefficient was
multiplied by one standard deviation of the filtered
CMAP precipitation. The confidence level of linear
correlation was estimated following Oort and
Yienger (1996).

5) Regressions were done for all seasons of the year, as
well as for individual seasons [December—February
(DJF), March-May (MAM), June-August (JJA),
and September—-November (SON)].

4. Results
a. Vertical structure of the MJO at the equator

Before examining the MJO zonal momentum bud-
get, we first look at the vertical structure of the MJO,
which is important for understanding later the zonal
momentum budget. The composite vertical structure of
MJO in the western Pacific box is shown in Figs. 1 and
2. The time lag is with respect to the time of maximum
precipitation. The time evolution is from the right to
the left, showing the local evolution of measured vari-
ables as the eastward-moving MJO passes the measure-
ment longitude. The zonal wind u (Fig. 1la) shows a
simple two-layer structure with the upper layer out of
phase with the lower layer. This two-layer structure is
well known from many previous observations (e.g.,
Madden and Julian 1971, 1972; Weickmann et al. 1985;
Knutson and Weickmann 1987).

One interesting subtlety is that the maxima of both
the two layers are at higher altitudes than the 850-mb-
and 200-mb levels used in many previous MJO studies.
The maximum of the lower layer is around 600 mb (just
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F1G. 2. As in Fig. 1 except for the ECMWF reanalysis data.

below the 0°C level), while that of the upper layer is
around 150 mb (just below the tropopause). Similar
results were obtained using GTS sounding data by Kila-
dis et al. (2005). Thus, at the time of maximum precipi-
tation, the zonal convergence is just below the 0°C level
and the zonal divergence is just below the tropopause.
The zonal divergence pattern is shifted to the east rela-
tive to vertical motion and rainfall, indicative of the
meridional component of divergence associated with
the Rossby wave component of the flow. In the vertical,
however, there is a consistency between the zonal di-
vergence profile and the vertical motion (Fig. 1b),
which concentrates high in the upper troposphere. This
middle troposphere inflow and near-tropopause out-
flow structure are consistent with the top-heavy heating
profile in the MJO shown in Lin et al. (2004).

The vertical motion shows a westward phase tilt with
height. It develops first in the lower troposphere, which
is consistent with boundary layer frictional convergence
(not shown), and then shifts upward as it intensifies.
This westward phase tilt of vertical motion is consistent
with the westward phase tilt of the associated heating
anomaly shown in Lin et al. (2004), which is caused by
vertical phase tilts of convective heating in the earlier
stages and stratiform heating in the later stages.

The geopotential height Z (contours in Fig. 1c) has a
large amplitude in the near-tropopause outflow layer
but a small amplitude in the middle-troposphere inflow
layer. For clarity, the two-dimensional flow is also plot-
ted using arrows in Fig. 1c; Z lags u at both the inflow
and outflow layers, by about 5 days in the outflow layer
and 10 days in the inflow layer. This phase shift is one
of the features most different between the NCEP and
ECMWEF reanalyses (cf. Figs. 1c, 2¢). The phase differ-
ence in the upper layer is smaller than those found by
Kiladis and Weickmann (1992) and Hsu (1996). The
reason is that we removed the zonal-mean component
from all datasets while they did not, and our test using
data retaining zonal mean showed that the zonal mean
component in geopotential height increases the u and Z
phase difference in the western Pacific (not shown).

Consistent with the geopotential height structure, the
temperature (Fig. 1d) has its largest anomalies in three
layers: the lower troposphere below 800 mb, the upper
troposphere between 200 and 600 mb, and near the
tropopause above 150 mb. The temperature anomaly in
the upper troposphere is likely associated with the top-
heavy heating profile shown in Lin et al. (2004), be-
cause modeling studies showed that the vertical struc-
ture of temperature perturbation follows that of heat-
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FIG. 3. Terms of the MJO zonal momentum budget: (a) local tendency (di'/of), (b) pressure gradient force —(9¢'/ox), (c) advection
terms [—u(du'/ox) — v(ou'lay) — w(au’/ap)] and (d) the residual term X', for 15 yr (1979-93) of NCEP reanalysis data averaged over

5°N-5°S and 150°~160°E. Unit is m s~ ! day !

ing perturbation (e.g., Haertel and Kiladis 2004). The
temperature anomaly near the tropopause is out of
phase with that in the upper troposphere and has a
larger amplitude than the later.

Composites constructed using 15 years (1979-93) of
ECMWEF reanalysis data show similar wave structure as
the NCEP data (Fig. 2). We also checked the compos-
ites for each individual season (DJF, MAM, JJA, and
SON). The wave structures are generally similar to the
all-seasons composites.

In summary, the equatorial wave structure of the
MJO has the following three characteristics:

1) it is associated with a vertical mode concentrated in
the upper half of the troposphere, with middle-
troposphere inflow and near-tropopause outflow at
the time of maximum precipitation;

2) the vertical motion has a westward phase tilt with
height; and

3) geopotential height lags zonal wind by about 5-10
days at both the inflow and outflow layers.

The phase difference between u and Z has implica-
tions for the zonal momentum budget. Equation (1)

suggests that, when the damping is zero, the balance
near the equator is simply between the local tendency
and the pressure gradient force. In a neutral wave, this
balance leads to an in-phase relationship between u and
Z. Since zonal wind extrema in the MJO exist within
pressure gradients, we can already anticipate that some
other (damping) terms must contribute importantly to
the zonal momentum budget.

b. Zonal momentum budget of the MJO

From Eq. (3) we can write the zonal momentum
equation for intraseasonal anomalies of deviations from
the zonal mean:

5u’ ou'
ay @ ap

o aqb / au' LT
a PR ey ’

)
where the tilde denotes deviation from zonal mean, and
primes denotes 30-70-day temporally filtered anomaly.

Major MJO zonal momentum budget terms at the
equator (averaged between 5°N and 5°S, 150° and
160°E) are shown in Figs. 3 and 4 for NCEP and
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ECMWEF reanalyses, respectively. The Coriolis force is
small near the equator and is not shown. The two dif-
ferent reanalyses show similar patterns for each of the
three budget terms, giving us more confidence in the
results. Moreover, only signals with correlation above
the 95% confidence level are plotted in Figs. 3 and 4.
These signals are likely real unless there are errors in
the reanalyses that are systematically coherent with the
MJO.

In the upper troposphere, the dominant balance is
between the pressure gradient force and the advective
tendency. The local tendency is much smaller, as is the
budget residual. In the lower troposphere, the advec-
tive tendency and the budget residual are of similar
amplitude as the local tendency and pressure gradient
force. The MJO zonal momentum budgets for each in-
dividual season are similar to the all-seasons results
(not shown).

The budget residual (Figs. 3d, 4d) shows a two-layer
structure, with the residual near the tropopause out of
phase with that in the lower troposphere. This is con-
sistent with the vertical structure of budget residual in
the TOGA COARE MJO events observed by Tung
and Yanai (2002b, their Figs. 8b, 9b). During the west-
erly wind burst, the budget residual provides a damping
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to the zonal wind, which is also consistent with the
TOGA COARE results. These results suggest that the
budget residual from both reanalyses represent the ef-
fect of convective momentum transport (CMT). It is
worth noting that the ERA-15 model had a parameter-
ization of CMT, while the NCEP reanalysis model did
not.

The large contribution of advective tendency to the
MIJO zonal momentum budget is subdivided into zonal,
meridional, and vertical components in Fig. 5. In the
upper troposphere, the advective tendency is mainly
contributed by zonal (Fig. 5a) and vertical components
(Fig. 5¢), while that in the lower troposphere is mainly
contributed by the meridional component (Fig. 5b).
Each of these components contain both linear and non-
linear effects, which can be decomposed into (see the
appendix)

o’ o o] + oth 5
U= [] PR other terms (5)
ouw  oa o[d] o ;
v By [7] oy U oy other terms (6)
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F1G. 5. As in Fig. 3 except for three advection terms for NCEP
reanalysis data: (a) zonal advection —u(du'/ox), (b) meridional
advection —v(du'/dy), and (c) vertical advection —w(du'/dp).
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where brackets denote time mean. On the right side of
each equation, the first two terms are linear advection
terms associated with time-mean zonal asymmetric
flow, while the other terms include the linear terms
associated with zonal-mean and the nonlinear terms
(see the appendix). The first two linear terms were cal-
culated from the corresponding time mean and the
MIJO anomalies, with the sum of all remaining terms
left together as a (small) residual. For the zonal advec-
tion and the vertical advection, the time-mean was
taken to be the 15-yr annual mean. For the meridional
advection, because there is a strong seasonal variation
in meridional wind, the time mean was taken to be
15-yr seasonal mean for one season, using DJF here as
an example.

First we look at the decomposition of the zonal ad-
vection (Fig. 6) and the vertical advection (Fig. 7),
which are important in the upper troposphere. The
zonal advection (Fig. 6) is dominated by the first two
linear terms, both of which contribute substantially to
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the budget. The vertical advection (Fig. 7) is also domi-
nated by the first two linear terms, especially —[@]oi'/
dp (Fig. 7a). Therefore, the zonal momentum budget of
the MJO is basically linear in the upper troposphere,
but with an importantly nonresting basic state. This is
consistent with the finding of Weickmann et al. (1997)
that the vertically integrated MJO angular momentum
budget is basically linear, since the vertically integrated
momentum budget is mainly contributed by the upper
troposphere.

The term —[i]di'/ox, which describes the advection
of the MJO anomaly by the time-mean zonal flow, can-
not contribute to damping since it is in quadrature with
ii'. In contrast, —[i]ai’/ox, the advection of time-mean
zonal flow by the MJO zonal wind anomaly, has an
opposite phase with @’ in the upper troposphere, and
therefore provides a damping. Meanwhile, —[®]di'/dp,
the advection of the MJO zonal wind anomaly by the
time-mean vertical motion, tends to reduce the vertical
windshear anomaly in the MJO, and therefore also pro-
vides a damping. The meridional advection (Fig. 8),
which is important in the lower troposphere, is domi-
nated by the terms other than the first two. Further
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analysis shows that it is actually dominated by the zonal
mean linear term —v'd[u]/dy (not shown).

In summary, we find that the MJO zonal momentum
budget near the equator can be simplified to

i’ ap_od' _ olu] it’
or = T ax G ax ap
olu]
-7 oy + X (8)

c¢. Understanding the linear advection terms in the
upper troposphere

The dominant linear advection terms in the upper
troposphere owe their existence to the time-mean zonal
wind [i], zonal divergence d[iZ]/dx, and vertical velocity
[@]. To help understand these terms, we plot their 15-yr
(1979-93) climatological mean in Fig. 9. For consistency
with the MJO anomaly, we plot here the zonal asym-
metric components, but the zonal means are actually
much smaller.

The warm pool region has abundant deep convec-
tion, associated with strong upward motion (Fig. 9a).
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Fi1G. 8. As in Fig. 3 except for three components of the meridi-
onal advection term for NCEP reanalysis data for DJF season: (a)
—[](ad'/ay), (b) —v'(a[i]/dy), and (c) other terms.

The vertical velocity profile is very top-heavy and is,
therefore, associated with strong upper-level zonal di-
vergence concentrating in a thin layer near the tropo-
pause (Fig. 9b). The upper-level zonal wind over the
warm pool is easterly (Fig. 9c), consistent with the Gill
(1980) pattern associated with a stationary heating
source. The wind is strong within a thin layer near the
tropopause because the zonal divergence is concen-
trated in this layer. Figure 9 only shows the annual
mean, so the upper-level upward motion and zonal di-
vergence are weaker over the eastern Indian Ocean.
The long-term composite seasonal variation of upper-
level vertical velocity, zonal divergence, and zonal wind
(Fig. 10) shows that they are large over the eastern
Indian Ocean during northern summer.

When the MJO travels in such a large-scale environ-
ment, three terms become important: 1) —[i]da’/ox
(Fig. 6a) lags @i’ (Fig. 1a) by a quarter cycle because the
time-mean upper-level wind is easterly over the warm
pool (Fig. 9¢); 2) —i'd[i]/ox (Fig. 6b) is out of phase
with @@’ because the time-mean upper level zonal wind
gradient (zonal divergence) is positive over the warm
pool (Fig. 9b), and is advected by the zonal wind
anomaly in the MJO; 3) —[®]diz'/op (Fig. 7a) opposes
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the upper-level i’ (Fig. 1a) because zonal wind shear
dii'/dp is in phase with upper-level i7" and the time-mean
vertical motion is upward (negative [@], Fig. 9a).

A simple scale analysis clarifies the magnitudes of
these terms and of local rate of change. The basic scales
for the MJO and time-mean flow are

T =~ 40 days period
L ~ 4 X 10’ m zonal wavelength

[7i] ~ 10 m s~ ! time-mean upper-level zonal wind
dif)/ox ~ 0.2 day ! time-mean upper-level zonal di-
vergence.

From these scales we can estimate the magnitude of
the local tendency and the dominant linear zonal ad-
vection terms:

~1

— = 20'/057) = @'/10 days)

—[a] ? ~ [i] X 2a'/(0.5L) =~ i'/(10 days)

o M s
- ~ i'/(5 days).

LIN ET AL.

2181

(a) [omega] at 300 mb

1

2/ Q\i

3 [ el

4| i

5 : 5 -
= A S
I

9 i

10 ]

11

12 ! i

0 30 60 90 120 150 130 2‘\0 240
Longitude (deq)

7
Mg

60 90 120 150 180 210 240 270 300 330 360
Longitude (deg)

270 300 330 360

(b) dl[u]/clix at 150 mb

Month

(c) [u] at 150 mb

Month

180 210 240 270 300 330 360

0 30 60 90 120 150
Longitude (deg)

FIG. 10. Seasonal variation of (a) [@] (mb day ') at 300 mb, (b)
(9[]/ox) (day ') at 150 mb, and (c) [d] (ms~') at 150 mb for
NCEP reanalysis data along the equator (5°N-5°S).

Therefore, the linear zonal advection term is larger
than the local tendency. Because the vertical advection
terms enhance the zonal advection terms, the total ad-
vective tendency (Fig. 3c), when scaled using @’ (Fig.
1la), is equivalent to a time scale of 2-3 days, which is
much shorter than the 10-day time scale of local ten-
dency. Therefore, the dominant balance between ad-
vective tendency and pressure gradient force in the up-
per troposphere is a physically sensible feature for the
MJO.

d. Equivalent linear damping

To get quantitative estimates of the equivalent linear
damping strength in the MJO, we regressed the MJO
anomalies of the budget terms to the MJO zonal wind
anomaly (Fig. 11). When a budget terms is in phase
with (or in opposite phase to) the zonal wind, it pro-
vides a driving (or damping). The unit of the regression
coefficient is day~'—that is, the reciprocal of the coef-
ficient gives the damping time scale in the unit of days.
The corresponding correlation coefficient indicates



2182 JOURNAL OF THE ATMOSPHERIC SCIENCES VOLUME 62
(a) PGF vs u (b) PGF vs u
200 7 200 7
400} ] 00} ]
o o
\E’ NCEP ‘E/
600 — 7 600 1
& _ _ECMWF &
800 7 800 b
1000 1 1000 !
—-0.5 0.0 0.5 -1.0 -0.5 0.0 0.5 1.0
regression (1/day) correlation
(c) ADV vs u (d) ADV vs u
200t 4 1 200 <& 1
( \
~ N
400 r b 400 b
i~ ! )
& e &
~ 600f 1 5 s00f -
]
/
800 r [ b 800 b
I
{
1000 L . 1000 . !
-0.5 0.0 0.5 -1.0 -0.5 0.0 0.5 1.0
regression (1/day) correlation
(e) X vs u (f) X vs u
. < : N .
200 b 200 b
400 r b 400 b
° )
& =
A 600 1 & 600 [ b
800 b 800 b
1000 z L 1000 |
-0.5 0.0 0.5 -1.0 -0.5 0.0 0.5 1.0
regression (1/day) correlation

F1G. 11. Vertical profile of linear regression coefficient of the MJO (a) pressure gradient
force anomaly, (c) advective tendency anomaly, and (e) budget residual anomaly, with respect
to the zonal wind anomaly at the same level for 15 years (1979-93) of NCEP (solid line) and
ECMWEF (dashed line) reanalyses data averaged over 5°N-5°S, 150°~160°E. The correspond-
ing correlation coefficients are shown in (b), (d), and (f), respectively.

how well the budget term is represented by a linear
damping.

The pressure gradient force (Fig. 11a) provides a
driving with a time scale of 2-3 days in the upper tro-
posphere (150-300 mb), and 3-5 days in the lower tro-
posphere (below 700 mb). This strong forcing cannot be
balanced by the local tendency, which, as shown in sec-
tion 4c, has a time scale of about 10 days. The Coriolis

force is also small near the equator. Therefore, some
strong dampings are needed to balance the pressure
gradient force.

In the upper troposphere, the damping mainly comes
from the advective tendency (Fig. 11c), which, as shown
in section 4b, includes —'[d(i7)/dx] and —[®](d:'/9p).
The subgrid term X (Fig. 11e) also contributes slightly
near the tropopause. In the lower troposphere, the
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coefficient between the 200-mb MJO advective tendency anomaly and zonal wind anomaly
averaged between 150° and 160°E for 15 years (1979-93) of NCEP (solid line) and ECMWF

(dashed line) reanalyses data.

damping comes equally from the advective tendency
(the nonlinear meridional advection term) and X. The
linear correlation coefficients (Figs. 11b,d,f) are gener-
ally large when the regression coefficient are large, sug-
gesting the usefulness of linear damping representation.

Since the damping involves mean flow, its value var-
ies in space. For example, Fig. 12 shows the meridional
distribution at 200 mb of damping due to the advective
tendency, in longitudes 150°-160°. The damping is large
only near the equator between 10°N and 10°S because
the strong upper-level zonal divergence and vertical
motion are confined near the equator. The damping in
the lower levels also has its largest value near the equa-
tor (not shown).

As mentioned in section 3, deep convection signal in
the MJO has two centers of variance: western Pacific
and eastern Indian Ocean. The above results are for
the western Pacific. We also did similar analysis for
the eastern Indian Ocean. The wave structures and
zonal momentum budgets in the eastern Indian Ocean
are generally similar to those in the western Pacific
except during the boreal summer (not shown). Many
previous studies have shown that the boreal summer
intraseasonal oscillation has a prominent northward-
propagating component (e.g., Yasunari 1979; Madden
and Julian 1994), which is different from the eastward-
propagating MJO mode originally described by Mad-
den and Julian (1971, 1972), although there are some
connections between the northward-propagating mode
and the eastward-propagating MJO mode (Lawrence
and Webster 2002). Therefore we restrict this study to
the eastward-propagating MJO mode and will report
the results for the boreal summer intraseasonal oscilla-
tion in a separate study.

5. Summary and discussions

The observed MJO wave structure and zonal mo-
mentum budget at the equator are schematically shown

in Fig. 13. The equatorial wave structure of the MJO is
associated with a vertical mode concentrated in the up-
per half of the troposphere, with middle-troposphere
inflow and near-tropopause outflow at the time of
maximum precipitation. The vertical motion has a west-
ward phase tilt with height, but zonal divergence is off-
set to the east of the ascent by meridional effects
(Rossby wave flow components), making it slightly dif-
ficult to display both tilts with a schematic circulation in
the zonal plane. The main feature to note here is that
geopotential height lags zonal wind by about 5-10 days
at both the inflow and outflow layers.

In the MJO zonal momentum budget, the advective
tendency is a major budget term in both upper and
lower tropospheres, while subgrid transports are a ma-
jor budget term only in the lower troposphere. The
advective tendency in the upper troposphere comes
from linear terms associated with time-mean zonal and
vertical motions, while that in the lower troposphere
comes from zonal mean linear meridional advection.
The simplified MJO zonal momentum equation is
Eq. (8).

The strong linear advection terms in the upper tro-
posphere can be understood from the time-mean flow
in the warm-pool region where abundant climatological
deep convection is associated with strong upward mo-
tion ([w] < 0), upper-level zonal divergence (d[u]/ox >
0), and mean upper-level easterly wind ([u] < 0). When
the MJO travels in such a large-scale environment, at
the upper levels, —[u]ou'/dx lags u’ by a quarter cycle,
while both —u'd[u]/ox and —[w]ou'/dp are out of phase
with u’. Given the low frequency of the MJO, the mag-
nitudes of the time-mean flows are bound to cause an
advective tendency much larger than the local ten-
dency. The advective tendency and convective eddy
momentum flux convergence together provide a 3-5-
day time-scale damping to the MJO both in the upper
troposphere and in the lower troposphere. Therefore,
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Fi1G. 13. Schematic depiction of the time-mean flow over the warm-pool and the observed
MJO wave structure and zonal momentum budget. Regions of enhanced large-scale convec-
tion are indicated schematically by the clouds. The dark shading inside the clouds represents
the maximum of the diabatic heating. “H” and “L” represent the high and low geopotential
height anomalies, respectively. “W” inside thick solid circle and “C” inside thick dashed circle
represent the warm and cold temperature anomalies, respectively. Thin arrows represent the
winds. Thick arrows above the MJO wave represent components of zonal momentum budget
in the upper troposphere, while those below the MJO wave represent components in the lower

troposphere.

the MJO is a highly viscous oscillation. At western Pa-
cific longitudes, the damping is large only near the
equator between 10°N and 10°S. The full 3D spatial
structure of mean flow may constitute a spatial enve-
lope that shapes the MJO importantly, but the assump-
tions behind linearized composite diagnostics here do

not warrant production of detailed maps of damping
rates.

It may be possible to anticipate the effect of the ob-
served strong damping on theoretical models of intrasea-
sonal oscillations. The possible effects are threefold.

First, strong mechanical damping may directly affect
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growth rates and phase speed. One obvious effect is to
reduce growth rates, perhaps stabilizing unstable
modes found under weak-damping assumptions, for ex-
ample as shown in the WISHE model of Goswami and
Rao (1994, their Fig. 5c). It may require several positive
feedback mechanisms to generate unstable modes in
the presence of damping (e.g., WISHE plus cloud-
radiation feedback). Another possible effect is on the
phase speed of intraseasonal modes. For example, the
wave—CISK model of Chao (1987) shows that strong
damping reduces phase speed. Phase speed or period
will also be importantly affected by quadrature terms
like —[i]di’'/ox , which might be more conveniently
viewed as a simple Doppler shifting by the mean flow.

Second, strong mechanical damping may also affect
the thermodynamic structure and thus the wave-
convection feedback. We have seen that the existence
of warm-pool mean flow necessitates baroclinic Z’
anomalies in the MJO, in order to sustain the zonally
divergent zonal wind anomalies associated with its low-
frequency convection anomalies. These Z' anomalies
correspond to temperature anomalies, as indicated on
Fig. 13. Specifically, the lowness of MJO frequency
relative to the time scale of mean-flow advective damp-
ing forces the warm anomaly ahead of the convection to
shift rearward, into the convective heating anomaly.

In the terms of a conventional short-hand of ener-
getics reasoning (e.g., Emanuel et al. 1994), this phase
shift tends to increase the correlation between heating
and temperature, thus increasing eddy energy produc-
tion. It is tempting to claim that this reasoning might
comprise an explanation for the enhanced power in low
frequencies that we call the MJO, or an interpretation
of the constant-frequency rather than dispersion-line
spectral characteristics of the MJO (Wheeler and Kila-
dis 1999). But circumspection requires acknowledging
that the spatial correlation in the equatorial zonal plane
between time-filtered zonal deviations of heating and
temperature is at best a very partial study of the ener-
getics of observed variability, and falls far short of a
useful predictive theory of why that observed variabil-
ity exists.

Nonetheless, this study points to the fact that the
presence of mean wavy basic state (the strong mean
flow over the Indo—Pacific warm pool) significantly af-
fects both the dynamical and the thermodynamical
structures of the MJO. Such effects were missing in the
aquaplanet type experiments conducted by some pre-
vious GCM studies of the MJO (e.g., Hayashi and Sumi
1986; Swinbank et al. 1988; Lau et al. 1988; Tokioka et
al. 1988; Lee et al. 2001). When zonally symmetric basic
state was assumed, the very weak mean flow lead to
very weak advective tendency, so the zonal momentum
balance for the simulated intraseasonal mode is be-
tween local tendency and pressure gradient force, re-
sulting in an in-phase relationship between zonal wind
and geopotential height anomalies (see discussions in
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Lau et al. 1988). Therefore the upper-level geopotential
height anomaly (and the temperature anomaly) tend to
lead the low-level convergence anomaly (and the heat-
ing anomaly) by a quarter cycle, a configuration ineffi-
cient for eddy energy production. Actually, a westward
tilt with height of the wave structure is needed to make
the temperature positively correlated with heating. Our
results, however, demonstrate that with the presence of
mean wavy basic state (the strong mean flow over the
Indo-Pacific warm pool), the advective tendency can
help to shift the temperature anomaly backward into
the heating anomaly, leading to a more efficient eddy
energy production. This provides an alternate eddy en-
ergy production mechanism in addition to westward
phase tilt in wave structure. It is in line with the findings
of Slingo et al. (1996) from the Atmospheric Model
Intercomparison Project (AMIP) that GCMs that pro-
duce more realistic intraseasonal variability also tend to
produce stronger and deeper time-mean vertical mo-
tion. It is clear that the effort to improve intraseasonal
variability in global models must be considered in con-
cert with the effort to simulate the mean climate well.

Finally, as discussed in the introduction, the equiva-
lent linear damping between the surface and 850 mb is
important for the frictional Wave—CISK mechanism
(e.g., Wang and Rui 1990a; Wang and Li 1994; Mosk-
owitz and Bretherton 2000). Figure 11e shows that eddy
flux convergence alone provides a 3-day damping at 925
mb and a 6-day damping at 850 mb. Since the subcloud
turbulent layer typically does not extend above 940 mb,
this suggests a possibly important role for CMT by shal-
low convection, which is consistent with the finding of
Carr and Bretherton (2001) from seasonal mean mo-
mentum budget. The frictional layer is therefore signifi-
cantly thicker than the subcloud turbulent layer. As
shown by Wang and Li (1994), the growth rate of the
frictional wave—CISK mode increases quickly with the
thickness of the frictional layer. Interestingly, CMT by
shallow convection has not been included in many
GCMs, and including it may help to destablize the
MJO-like modes.

We can compare our estimated equivalent linear
damping rate in the frictional layer with those used in
frictional Wave—-CISK models. Figures 11e and 1lc
show that eddy flux convergence and advective ten-
dency together provide a equivalent damping rate of
about 1.2 day at 1000 mb, gradually reducing to about
3.5 day at 850 mb (Figs. 11c,e). Note in the models, a
well-mixed frictional layer is generally assumed. Wang
and Rui (1990a) used a 0.3-day linear damping for a
100-mb-thick frictional layer, and a 0.51-day damping
for a 150-mb-thick frictional layer. The damping rates
are stronger than our estimates from observation.
Moskowitz and Bretherton (2000) used a 1.3-day linear
damping for a 50-mb-thick frictional layer. The damp-
ing rate is similar to our estimates, but their frictional
layer seems too thin. So our observational estimates fall
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in between those two models, and we cannot rule out
the potential importance of frictional wave—CISK to
the amplification of the MJO.

It is important to note that the equivalent linear
damping estimated in the present study is the damping
in the momentum equation, not that in the kinetic en-
ergy equation. In terms of the kinetic energy budget,
the modeling study by Yano and Emanuel (1991) dem-
onstrated that wave radiation into the stratosphere is an
important mechanism for damping the wave. Because
the upward group velocity is larger for smaller zonal
wavelengths, short waves in the troposphere are
strongly damped and the most unstable mode shifts to
low wavenumbers. This constitutes a promising mode-
selection mechanism and we are planning to test it us-
ing observational data in the future.
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APPENDIX

Decomposition of the Advection Terms

Because the MJO anomaly in this study does not
include the zonal mean, decomposition of the advection
terms is more complex than when zonal mean is re-
tained. Following Peixoto and Oort (1992, 61-64), a
quantity A can be decomposed into

A=TA]+[A]+A + A, (A1)
where overbar represents zonal mean, tilde represents
deviation from the zonal mean (zonal asymmetric com-
ponent), bracket represents time mean, and prime rep-
resents deviation from the time mean. It can be derived
that

AB' = ([A)B’ +[BIA") + (A1B’ + [BJA)
+ ([AJB' + [BJA")

+(-[A]B' —[BJA’ + A'B' —[A'B’])). (A2)
On the right-hand side of the equation, the terms on the
first line are the linear terms, among which the first two
are associated with time-mean zonal asymmetric com-
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ponent, and are calculated in Egs. (5) and (7). The third
and fourth are associated with time-mean zonal-mean
component. The fifth and sixth are associated with tem-
porally filtered zonal-mean component. The terms on
the second line are the nonlinear terms. When consid-
ering only the 30-70-day anomalies, the nonlinear
terms will include some more terms corresponding to
interaction with other time scales.
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